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David Strutt
Cells in the Drosophila wing are polarised to produce a
single distally pointing trichome. Recent studies show
that this requires the recruitment of the Dishevelled
protein to the distal cell edge, and the correct levels of
Rho-associated kinase activity.
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A fundamental question in the study of animal develop-
ment is understanding how cells become polarised in
response to extracellular cues. A popular system for inves-
tigating such events is the polarisation of cells in the
developing Drosophila wing. This tissue develops from a
monolayer epithelium in which cells are initially polarised
only on their apicobasal axis. As patterning proceeds, each
cell becomes polarised in the plane of the epithelium,
giving rise to the phenomenon known as ‘planar polarity’.
In the wing, this polarisation is manifest by each cell
producing a single actin-rich ‘trichome’ at its distal tip [1].
A common group of genes controls polarity decisions in
both the wing and in other regions of the adult cuticle, of
which three of the most studied are frizzled (fz), dishevelled
(dsh) [1] and flamingo (fmi, also known as starry night) [2,3].
Two recent papers [4,5] report new studies of Dsh’s role in
the planar polarisation of wing cells; taken together with
other studies on the functions of Fz [6] and Fmi [2], the new
results have provided considerable new insights into how
these three molecules act together in this process. A further
study [7] has looked at the function of the Drok protein in
trichome formation, and provided a link between Fz/Dsh
function and the regulation of the actin cytoskeleton.
Fz/Dsh localisation and trichome polarity
From its sequence, Fz is predicted to be a sevenpass trans-
membrane protein [8], and on the basis of this and its
homology to Wnt receptors [9], Fz has long being regarded
as a likely candidate receptor for an extracellular polarity
signal. Loss of Fz function — or indeed of Dsh or Fmi
function — gives a wing polarity phenotype in which the
trichome forms in the centre of the cell instead of at the
distal edge [10]. A model was thus proposed in which
localised Fz activity at the distal edge of each cell is postu-
lated to specify the production of a single, distally pointing
trichome in this location [10,11]. However, this model shed
no light on the mechanism by which Fz activity might be
localised within the cell. Furthermore, no ligand for Fz in
polarity signalling has been identified, which might provide
clues as to how Fz activity is controlled.
Recently it has been discovered that Fz activity is localised
to the distal end of cells in the developing wing by accu-
mulation of the bulk of Fz cellular protein to this location
[6]. This surprising observation immediately raises ques-
tions regarding the mechanism of this subcellular redistri-
bution. In this context, the new studies of Dsh and Fmi
have been particularly informative.
Dsh is a multidomain cytoplasmic protein which functions
downstream of Fz family receptors in both Wnt signalling
and polarity signalling [12,13]. Interestingly, Dsh is required
for distal accumulation of Fz [6], indicating that this accu-
mulation only occurs in response to Dsh-mediated polarity
signalling. Furthermore, it has now been shown that Dsh
itself is recruited to the distal end of the cell [4,5], where it
probably colocalises with Fz. This accumulation of Dsh at
the distal cell edge occurs in two stages, and both are Fz-
dependent: firstly Dsh is recruited from the cytoplasm to
the apical cell cortex, and secondly it is redistributed to
the distal end of the cell. Thus, there is a co-dependence
of Fz and Dsh accumulation at the distal cell edge. As Dsh
is required for Fz signal transduction, this supports a model
in which distal accumulation is a response to Fz activation
and signalling.
The observation that Fz and Dsh accumulate at the distal
cell edge is particularly striking in the light of previous
data on Fmi. The fmi locus encodes a large, atypical
cadherin which is unusual in having seven transmembrane
domains [2,3], and during wing development the Fmi
protein appears to accumulate at both the proximal and
distal edges of each cell [2]. In the absence of Fz and Dsh
function, Fmi fails to show asymmetric distribution in the
proximodistal axis, but is instead uniformly localised around
the periphery of the cell in an apical membrane domain
that corresponds to the region of the adherens junction
[2,5]. Conversely, in the presence of Fmi, all three pro-
teins are seen to broadly colocalise in this apical domain at
the proximodistal cell boundaries [5,6].
Although the asymmetric distribution of Fmi is dependent
on Fz and Dsh function, it turns out that, in a further
reciprocal relationship, Fmi activity is required for Fz and
Dsh localisation [5,6]. In the absence of Fmi, no Fz
protein accumulation is seen in its normal apical domain at
the distal cell edge, and Dsh remains cytoplasmic. This
phenotype is qualitatively different from the effects of
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removing Dsh function on Fz distribution, as removal of
Dsh blocks distal accumulation of Fz but not its apical
localisation within the cell [6].
Whilst the picture is by no means complete, it is possible
to put forward the following tentative sequence of events
in the planar polarisation of wing cells (Figure 1a–c). Firstly,
Fmi is required to recruit Fz to an apical membrane
domain, and in turn Fz recruits Dsh from a cytoplasmic
pool to the apical cortex. Then, probably in response to an
extracellular ligand, Fz signalling is activated and trans-
duced through its downstream component Dsh. This sig-
nalling process then leads to a redistribution of Fz and Dsh
to the distal cell edge and Fmi to both the proximal and
distal cell edges.
Currently it is unclear what the nature of the signal might
be that drives this whole process. Models for the estab-
lishment of planar polarity fall into two broad categories.
In the first, polarity is established in response to a gradi-
ent of an extracellular ligand: in this case, the redistribu-
tion of Fz and Dsh in the cell might be a way of
amplifying a small difference in signalling across the axis
of the cell into a concentration of signalling activity just at
the distal edge (Figure 1d). The second class of model
depends on cell–cell communication, for instance sig-
nalling might be differentially activated at one edge of
the cell by a localised ligand. If this were the case, then
Fz/Dsh redistribution might be a way of ‘fixing’ the
memory of a transiently localised source of ligand for the
length of time needed to build a correctly polarised tri-
chome (Figure 1e).
Once Fz and Dsh have accumulated at the distal cell
edge, this can then act as a cue to direct the assembly of a
trichome at the distal vertex of the cell. The details of how
a trichome is assembled in response to localised Fz/Dsh
remain obscure, but as the trichome is an actin-rich
structure, the process can be assumed to involve regula-
tory interactions with the actin cytoskeleton. One clue as
to the nature of these regulatory processes was the obser-
vation that mutations in the Drosophila locus encoding the
RhoA p21 GTPase homologue showed genetic interac-
tions with both fz and dsh, and also resulted in trichome
defects characterised by the production of multiple tri-
chomes in each cell [14]. A new study has greatly
expanded on these results by showing that a putative
RhoA effector molecule, Drok, acts downstream of Fz and
Dsh in the wing to specify the production of a single tri-
chome in each cell [7].
Figure 1
Stages in the planar polarisation of wing cells.
(a) Fmi (red) is uniformly localised apically in
the adherens junction zone, where it is
required for Fz (green) recruitment to the
same region. (b) Fz in turn recruits Dsh (blue)
from the cytoplasm to the apical cell cortex.
(c) Fz signalling mediated by Dsh drives the
redistribution of Fz, Dsh and Fmi, such that
Fz/Dsh are ultimately localised at the distal
cell edge. This localised distribution of Dsh is
then thought to specify the site of trichome
formation. (d,e) Two models for why Fz and
Dsh may become asymmetrically distributed
during wing cell polarisation. In the first (d),
polarity is determined by a shallow gradient of
an extracellular ligand (grey), which in turn
leads to a shallow gradient of Fz signalling
across the axis of the cell (green).
Redistribution of Fz/Dsh modifies this shallow
signalling gradient into a peak of signalling at
the distal cell edge, which is able to
unambiguously specify the site of trichome
formation. In the second (e), Fz is activated at
the distal cell edge by a localised source of
ligand, this event is then ‘fixed’ in the cell’s
memory by redistribution of Fz/Dsh to the site
of signalling activity.
(c)(b)(a)
(d)
Current Biology   
(e)
Drok and the control of trichome formation
Vertebrate Rho-associated kinases, or ROCKs, act as
effectors of Rho p21 GTPase activity, with at least one
downstream response being regulation of the actin cyto-
skeleton [15]. Consistent with this, it is now reported that
mutations in a Drosophila homologue Drok result in a
defect in trichome formation in the wing, such that most
cells produce two or three trichomes [7]. This phenotype
suggests that loss of Drok function critically perturbs the
cytoskeletal rearrangements that normally lead to produc-
tion of only one trichome per cell.
It is noteworthy that the multiple trichomes that are seen in
cells lacking Drok function always form at the distal cell
edge. This indicates that the normal Fz/Dsh-dependent
polarity determination process occurs normally, and that
cells are still correctly polarised along their proximodistal
axis. In theory, Drok function could be independent of
Fz/Dsh function, acting as a general modulator of cytoskele-
ton function. However, the evidence suggests that, to some
extent at least, Drok activity is regulated by Fz/Dsh.
In the absence of Fz or Dsh activity, most cells produce a
single trichome, albeit in the centre of the cell, however a
small proportion of cells (about 2–3%) also produce multiple
trichomes [10]. Conversely, overexpression of fz just before
the time of trichome assembly results in almost every cell
producing multiple trichomes [11]. Thus, the correct level
of Fz/Dsh activity seems to be required in order to consis-
tently produce a single trichome. Strikingly, the production
of multiple hairs in a dsh mutant wing can be strongly sup-
pressed by increasing Drok expression levels, and enhanced
by reducing Drok activity [7]. Similarly, the multiple hairs
produced by fz overexpression can be suppressed by reduc-
ing Drok activity. Together, these observations suggest that
Fz/Dsh normally positively regulate Drok activity, and that
alterations in Fz/Dsh activity can be compensated for by
alterations in Drok activity (Figure 2a–c). 
It would be expected that Fz/Dsh regulates Drok activity
via RhoA GTPase, a known effector of Fz/Dsh signalling
in Drosophila eye development [14]. Two lines of evidence
support this view: firstly RhoA mutations are also able to
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The function of Drok in regulating trichome number. (a) In a wild-type
wing cell, a single distally pointing trichome (blue) is produced. Loss
of Fz, Dsh or Fmi activity leads to a single trichome being produced
in the centre of the cell (or occasionally two or three trichomes in this
position). Loss of Drok activity results in multiple trichomes being
produced at the distal cell edge. (b) The production of predominantly
a single, centrally positioned trichome when Dsh activity is removed
can be enhanced to the production of multiple central trichomes by
simultaneous reduction of Drok activity by 50%. (c) Fz
overexpression leads to production of multiple trichomes at the cell
periphery, a phenotype which can be suppressed to the production
of a single trichome by simultaneous reduction of Drok activity by
50%. (d) A model for the overall relationship of Fz, Dsh, Fmi, RhoA
and Drok function.
suppress the multiple trichome phenotype produced by
overexpression of fz; and secondly Drok can bind to an
activated form of RhoA in vitro [7]. 
What might be the regulatory targets of the Drok kinase
activity? In mammalian cells, ROCKs regulate myosin
activity, and this proves to be also the case in Drok regula-
tion of trichome number [7]. It has been shown that the
Drosophila non-muscle myosin II regulatory light chain
(MRLC) requires Drok to be phosphorylated, and further-
more that an activated form of MRLC can rescue the mul-
tiple trichome phenotypes seen in dsh and Drok mutants.
Consistent with this, the corresponding non-muscle
myosin heavy chain, Zipper, is also required for production
of a single trichome. Finally, analyses of genetic interac-
tions have shown that the levels of Drosophila myosin VIIA
— which is also required for trichome formation — need to
be in the correct balance with those of myosin II for tri-
chome formation to proceed normally.
Overall, a picture emerges in which Fz/Dsh first become
localised to the distal cell edge, where they specify the pro-
duction of a correctly polarised trichome. Via activation of
RhoA GTPase, Fz/Dsh also appear to modulate the levels
of Drok activity, which in turn ensures a correct balance of
myosin activity necessary to produce a single actin-rich tri-
chome (Figure 2d). It should be noted, however, that we
still do not understand how distally localised Fz/Dsh induce
accumulation of actin at the distal cell edge, a process
which still occurs in the absence of Drok function. The best
candidates for performing this function are the products of
the genes inturned, fuzzy and multiple wing hairs [10], as in
their absence trichome formation is no longer strictly
limited to the distal cell vertex. Mutations in these loci can
also result in formation of multiple trichomes in each cell,
suggesting some connection to RhoA/Drok function,
although currently there is little evidence that they act in a
common pathway [7]. It remains a challenge for the future
to fully understand how Fz/Dsh signalling can direct the
complex cytoskeletal reorganisations required to produce
even such an apparently simple structure as a trichome.
Acknowledgements
David Strutt is a Lister Institute-Jenner Research Fellow.
References
1. Shulman JM, Perrimon N, Axelrod JD: Frizzled signaling and the
developmental control of cell polarity. Trends Genet 1998,
14:452-458.
2. Usui T, Shima Y, Shimada Y, Hirano S, Burgess RW, Schwarz TL,
Takeichi M, Uemura T: Flamingo, a seven-pass transmembrane
cadherin, regulates planar cell polarity under the control of
Frizzled. Cell 1999, 98:585-595.
3. Chae J, Kim MJ, Goo JH, Collier S, Gubb D, Charlton J, Adler PN,
Park WJ: The Drosophila tissue polarity gene starry night encodes
a member of the protocadherin family. Development 1999,
126:5421-5429.
4. Axelrod JD: Unipolar membrane association of Dishevelled
mediates Frizzled planar cell polarity signalling. Genes Dev 2001,
15:1182-1187.
5. Shimada Y, Usui T, Yanagawa S, Takeichi M, Uemura T: Asymmetric
co-localisation of Flamingo, a seven-pass transmembrane
cadherin, and Dishevelled in planar cell polarisation. Curr Biol
2001, 11:859-863.
6. Strutt DI: Asymmetric localisation of Frizzled and the
establishment of cell polarity in the Drosophila wing. Mol Cell
2001, 7:367-375.
7. Winter CG, Wang B, Ballew A, Royou A, Karess R, Axelrod JD, Luo L:
Drosophila Rho-associated kinase (Drok) links Frizzled-mediated
planar polarity signalling to the actin cytoskeleton. Cell 2001,
105:81-91.
8. Vinson CR, Conover S, Adler PN: A Drosophila tissue polarity locus
encodes a protein containing seven potential transmembrane
domains. Nature 1989, 338:262-264.
9. Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, Macke JP,
Andrew D, Nathans J, Nusse R: A new member of the frizzled family
from Drosophila functions as a Wingless receptor. Nature 1996,
382:225-230.
10. Wong LL, Adler PN: Tissue polarity genes of Drosophila regulate
the subcellular location for prehair initiation in pupal wing cells.
J Cell Biol 1993, 123:209-221.
11. Krasnow RE, Adler PN: A single frizzled protein has a dual function
in tissue polarity. Development 1994, 120:1883-1893.
12. Axelrod JD, Miller JR, Shulman JM, Moon RT, Perrimon N: Differential
recruitment of Dishevelled provides signaling specificity in the
planar cell polarity and Wingless signaling pathways. Genes Dev
1998, 12:2610-2622.
13. Boutros M, Paricio N, Strutt DI, Mlodzik M: Dishevelled activates JNK
and discriminates between JNK pathways in planar polarity and
wingless signaling. Cell 1998, 94:109-118.
14. Strutt DI, Weber U, Mlodzik M: The role of RhoA in tissue polarity
and Frizzled signalling. Nature 1997, 387:292-295.
15. Amano M, Fukata Y, Kaibuchi K: Regulation and functions of Rho-
associated kinase. Exp Cell Res 2000, 261:44-51.
Dispatch R509
